We present a reconstruction of historical surface mass balance (SMB) of the Greenland ice sheet (GrIS) using a high-resolution regional climate model (RACMO2; ∼11 km) to dynamically downscale the climate of the Community Earth System Model version 2 (CESM2; ∼111 km). After further statistical downscaling to 1 km spatial resolution, evaluation using in situ SMB measurements and remotely sensed GrIS mass change shows good agreement, including the recently observed 5 acceleration in surface mass loss (2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014). Comparison with an ensemble of eight previously conducted RACMO2 simulations forced by climate reanalysis demonstrates that the current product accurately reproduces the long term average and inter-annual variability of individual SMB components, and captures the recent increase in meltwater runoff that accelerated GrIS mass loss.This means that, for the first time, an Earth System Model (CESM2), without assimilating observations, can be used to reconstruct historical GrIS SMB and the mass loss acceleration that started in the 1990s. This paves the way for 10 attribution studies of future GrIS mass loss projections and contribution to sea level rise.
of the European Centre for Medium-range Weather Forecasts Integrated Forecast System (ECMWF-IFS, 2008) . It includes a multi-layer snow module that simulates melt, liquid water percolation and retention, refreezing and runoff (Ettema et al., 2010) , and accounts for dry snow densification following Ligtenberg et al. (2011) . RACMO2 implements an albedo scheme that calculates snow albedo based on prognostic snow grain size, cloud optical thickness, solar zenith angle and impurity concentration in snow (Kuipers Munneke et al., 2011) . The model simulates drifting snow erosion and sublimation following Lenaerts et al. 5 (2012). The latest model version RACMO2.3p2 accurately simulates the contemporary climate and SMB of the GrIS when forced by ERA-40 (1958 ERA-40 ( -1978 and ERA-Interim (1979-present) climate reanalyses (Uppala et al., 2005; Dee et al., 2011) and statistically downscaled to 1 km (see Section 2.4). For detailed model description and latest updates, we refer to Noël et al. (2018 Noël et al. ( , 2019 .
Model initialisation and set-up 10
Here, we conduct a CMIP6-style historical simulation using RACMO2.3p2 at 11 km horizontal resolution (Noël et al., 2018) to dynamically downscale the output of CESM2 prescribed in a 24 grid-cell wide relaxation zone at the model lateral boundaries. Forcing consists of atmospheric temperature, pressure, specific humidity, wind speed and direction being prescribed on a 6-hourly basis at the 40 model atmospheric levels. Upper atmosphere relaxation is implemented (Van de Berg and Medley, 2016) . Sea surface temperature and sea ice extent are also prescribed every 6 hours. RACMO2.3p2 has 15 typically 40 to 60 active snow layers that are initialised in January 1950 using temperature and density profiles derived from the offline IMAU Firn Densification Model (IMAU-FDM) (Ligtenberg et al., 2018) . Glacier outlines and surface topography are prescribed from a down-sampled version of the 90 m Greenland Ice Mapping Project (GIMP) Digital Elevation Model (DEM) (Howat et al., 2014) . Bare ice albedo is prescribed from the 500 m MODerate-resolution Imaging Spectroradiometer (MODIS) 16-day Albedo product (MCD43A3), as the 5% lowest surface albedo records for the period 2000-2015, minimised 20 at 0.30 for bare ice and maximised at 0.55 for bright ice covered by perennial firn in the accumulation zone.
Statistical downscaling
Following Noël et al. (2016) , the historical simulation at 11 km, hereafter referred to as CESM2-forced RACMO2.3p2, is further statistically downscaled to a 1 km ice mask and topography derived from the 90 m GIMP DEM (Howat et al., 2014) .
In brief, the downscaling procedure corrects individual SMB components (except for precipitation), i.e. primarily meltwater 25 runoff, for elevation and ice albedo biases on the relatively coarse model grid at 11 km resolution. These corrections reconstruct individual SMB components on the 1 km GrIS topography using daily-specific gradients estimated at 11 km, and minimise the remaining runoff underestimation using a down-sampled 1 km MODIS 16-day ice albedo product averaged for 2000-2015.
Precipitation, including snowfall and rainfall, is bi-linearly interpolated from the 11 km onto the 1 km grid without additional corrections (Noël et al., 2018) . Statistical downscaling proves essential to resolve narrow ablation zones, outlet glaciers and 30 ice caps at the GrIS margins that significantly contribute to contemporary mass loss of Greenland land ice (Noël et al., 2017 (Noël et al., , 2019 . For instance, applying statistical downscaling increases GrIS-wide runoff by 55 Gt yr −1 (+23%) on average for the period 1950-2014, resulting in SMB decrease of 56 Gt yr −1 (-13%).
Evaluation data sets
For evaluation, we use a compilation of in situ SMB measurements derived from 182 stakes, snow pits (Bales et al., 2009) and airborne radar campaign (Overly et al., 2016) in the GrIS accumulation area (182 records; white dots in Fig. 1a ), and collected at 213 sites (Machguth et al., 2016) in the ablation zone (1073 records; yellow dots in Fig. 1a ). In addition, combined modelled SMB and glacial discharge estimates (Mouginot et al., 2019 ) are compared to mass changes from GRACE over the 5 model period 1960-2012. 10 3 Surface mass balance evaluation and uncertainty Figure 1a shows annual mean SMB from CESM2-forced RACMO2.3p2, statistically downscaled to 1 km. As is the case with state-of-the-art reanalysis-forced simulations (Mottram et al., 2017; Fettweis et al., 2017; Noël et al., 2018 Noël et al., , 2019 , it accurately captures the extensive inland accumulation area, and narrow ablation zones, outlet glaciers and ice caps fringing the GrIS margins ( Fig. 1a ). The model shows very good agreement with multi-year averaged SMB observations in the accumulation 15 zone (R 2 = 0.89; Fig. 1b ), with a small bias and RMSE of -20.5 mm w.e. and 63.3 mm w.e. Interestingly, these statistics are on par with the most recent RACMO2.3p2 run forced by ERA-reanalysis and statistically downscaled to 1 km (Noël et al., 2018) , hereafter referred to as ERA-forced RACMO2.3p2. In the ablation zone, the model agrees reasonably well with ablation measurements: R 2 = 0.61 (CESM2-forced) vs. 0.72 (Noël et al., 2018) (Fig. 1c ). The model shows larger bias and RMSE relative to ERA-forced RACMO2.3p2 (+0.06 m w.e. and +0.18 m w.e.). As CESM2 does not assimilate nor prescribe climatic 20 observations, a larger bias was expected. Good agreement with observations can be partly attributed to dynamical downscaling in RACMO2, that results in realistic SMB gradients if appropriate climate forcing is prescribed (Noël et al., 2018) ; and to statistical downscaling, as it minimises SMB bias by enhancing runoff in marginal ablation zones (Noël et al., 2016) . Hence, the low RMSE in the ablation and accumulation zones of Greenland is primarily due to the high quality of the CESM2 climate forcing. On the regional scale, CESM2-forced and ERA-forced RACMO2.3p2 simulations show no significant difference in 25 SMB and components for the period 1958-2014 (not shown), i.e. mean difference (CESM2-forced minus ERA-forced) lower than one standard deviation of the 1958-2014 period.
We follow Noël et al. (2017) to estimate the SMB uncertainty (σ). Mean accumulation (20.5 mm w.e.; Fig. 1b ) and ablation biases (180.0 mm w.e.; Fig. 1c ) are accumulated over the long-term (1958-2014) accumulation and ablation zone of the GrIS, with an area of ∼1,521,400 km 2 and ∼179,400 km 2 respectively: 30 σ = (bias abl. × area abl. ) 2 + (bias acc. × area acc. ) 2
(1) 4 period 2003 -2014 (Wouters et al., 2013 . The CESM2-forced RACMO2.3p2 historical simulation is also compared to SMB and individual components from an ensemble of eight previous RACMO2 simulations (Van Angelen et al., 2013a, b; Noël et al., 2015 Noël et al., , 2016 Noël et al., , 2018 Noël et al., , 2019 , using different climate forcing (ERA-reanalysis or the ESM HadGEM2) at various spatial resolutions (1, 5.5 and 11 km). These simulations are listed and further compared in Tables 1 and 2 −1 over the period 1960 -1990 . 4.2 Mass loss: 1991 -2012 In the two decades following 1990 , the GrIS experienced accelerated mass loss (Shepherd et al., 2012; Bamber et al., 2018) , primarily driven by a decrease in SMB (-138 Gt yr −1 combined with an increase in glacial discharge (+26 Gt yr −1 ). Figure 2c shows that CESM2-forced RACMO2. (Fig. 2d ). Fig. 3b ) similar to the ERA-forced simulation (8.8 ± 2.1 Gt yr −2 ; Fig. 3a ). The runoff trend in CESM2-forced RACMO2.3p2 is no coincidence. Figure 4a shows the atmospheric temperature at 700 hPa (T 700 ) from the current CESM2 simulation (red) and from 11 additional ensemble members (grey). All members show a similar warming trend after 1991. In overestimated by ∼50% compared to ERA-forced RACMO2.3p2 (Table 1) . As a result, SMB was underestimated by ∼40%, driving an unrealistic mass loss of 189 Gt yr 5 with respect to 1960-1990; Fig. 2c and Table 2) or +14%). Pre-10 cipitation does not substantially change after 1991, in line with the ensemble ERA-forced RACMO2 simulations (Table 2) .
Time series and trends
for downscaled CESM2-forced and ERA-forced RACMO2.3p2 for 1991-2012; Fig. 2d ). In contrast, SMB components in HadGEM2-forced RACMO2.1 remain largely overestimated compared to other simulations (Table 2) , particularly runoff and melt (Fig. 2c contrast to a negative trend in the ERA-forced run (-1.9 ± 1.8 Gt yr −2 ; Fig. 3a ). However, the latter trend stems from decadal variability as it becomes insignificant for the period 1950-2014: 0.9 ± 0.5 Gt yr −2 (p-value = 0.090).
In line with Van den Broeke et al. (2016), Fig. 3c shows that recent mass loss acceleration in CESM2-forced RACMO2.3p2 is for ∼60% caused by decreased SMB (6.6 ± 3.3 Gt yr −2 ) resulting from enhanced meltwater runoff; the remaining ∼40% is ascribed to increased glacial discharge (4.7 ± 0.5 Gt yr −2 ). As a result, Greenland mass balance decreased by an estimated 5 rate of 11.3 ± 3.2 Gt yr −2 (or 9.4 ± 1.6 Gt yr −2 for the GrIS only) in good agreement with GRACE (9.4 ± 1.2 Gt yr −2 for 2003-2014; Fig. 3c ). This is meaningful for two reasons: for the first time, an ESM, assimilating no observational climatic data except for atmospheric greenhouse gas emissions and aerosol concentrations, can 1) reliably reproduce the historical average and variability of SMB and its individual components; 2) accurately represent the recent Greenland mass loss acceleration.
These results are essential for forthcoming attribution studies investigating post-1990 GrIS mass loss. reproduce SMB as well as the rapid post-1991 melt and runoff increase. Combining modelled SMB with observed glacial discharge, our new ESM-based SMB product reflects an ice sheet in approximate mass balance before 1991, followed by a rapid mass loss acceleration resulting from enhanced meltwater runoff: two key features that, until now, exclusively showed up in reanalysis-based estimates. This means that, for the first time, an Earth System Model (CESM2), that does not assimilate climatic observations, can be used to force a regional climate model (RACMO2) to accurately reproduce historical GrIS SMB 20 average and variability. Furthermore, our results suggest that CESM2 climate forcing can be used without bias corrections to simulate the climate and SMB of the GrIS for different warming scenario projections to quantify the GrIS contribution to future eustatic sea level rise.
Data availability. Data sets presented in this study are available from the authors upon request and without conditions. as modelled by RACMO2.3p2 forced by CESM2, statistically downscaled to 1 km resolution.
b) SMB evaluation in the accumulation zone (182 sites; white dots in Fig. 1 a) and c) in the ablation zone of the GrIS (213 sites; yellow dots in Fig. 1a ). Statistics including the number of observations (N), slope (b0) and intercept (b1) of the regressions, determination coefficient (R 2 ), RMSE and bias are listed for the ERA (red) (Noël et al., 2018) 
